The process of tissue morphogenesis, especially for tissues reliant on the establishment of a specific cytoarchitecture for their functionality, depends a balanced interplay between cytoskeletal elements and their interactions with cell adhesion molecules. The microtubule cytoskeleton, which has many roles in the cell, is a determinant of directional cell migration, a process that underlies many aspects of development. We investigated the role of microtubules in development of the lens, a tissue where cell elongation underlies morphogenesis. Our studies with the microtubule depolymerizing agent nocodazole revealed an essential function for the acetylated population of stable microtubules in the elongation of lens fiber cells, which was linked to their regulation of the activation state of myosin. Suppressing myosin activation with the inhibitor blebbistatin could attenuate the loss of acetylated microtubules by nocodazole and rescue the effect of this microtubule depolymerization agent on both fiber cell elongation and lens integrity. Our results also suggest that acetylated microtubules impact lens morphogenesis through their interaction with N-cadherin junctions, with which they specifically associate in the region where lens fiber cell elongate. Disruption of the stable microtubule network increased N-cadherin junctional organization along lateral borders of differentiating lens fiber cells, which was prevented by suppression of myosin activity. These results reveal a role for the stable microtubule population in lens fiber cell elongation, acting in tandem with N-cadherin cell-cell junctions and the actomyosin network, giving insight into the cooperative role these systems play in tissue morphogenesis.
Introduction
The formation of tissues during embryonic development involves highly coordinated spatiotemporal interactions of the component cells that are dependent on dynamic changes in cell-cell junctions and the cytoskeleton. The microtubule cytoskeleton has been implicated, together with actin-myosin cytoskeletal filaments, in determining cellshape changes, establishing cell polarity, and directing cellular movements, processes considered central to generating a tissue's cytoarchitecture [1] [2] [3] [4] [5] [6] [7] [8] . Much of what we know about the function of microtubules in development comes from studies of axon extension and guidance [9, 10] . However, there is still much to learn about the role of microtubules in determining tissue morphogenesis, particularly their function in coordinating how differentiating cells become organized into highly-ordered structures. The developing lens is ideal for investigating microtubule function in tissue morphogenesis. Lens formation is governed by the extensive, directional elongation of its differentiating fiber cells, the unique cell-type that predominates lens tissue, and the formation of complex lateral interactions as they elongate. Fiber cell extension and elongation is dependent on the movement of their apical tips along the anterior surfaces of the overlying undifferentiated lens epithelium in an N-cadherin-dependent manner [11] , which is coordinated with movement of their basal surfaces along the posterior basement membrane capsule that surrounds the lens, a region rich in integrin matrix receptors. These morphogenetic movements require dynamic creation and remodeling of cell-cell and cellmatrix adhesions by the lens fiber cells as they differentiate [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In this study, we investigated how microtubules, and their stabilization, function in regulation of lens fiber cell elongation and the directionality of movement to impact tissue morphogenesis.
Microtubules are multifunctional cytoskeletal structures that have many well-characterized roles in the cell including as determinants of cell division, as the highways for vesicle transport, in the positioning and movement of cellular organelles, and as determinants of the directionality of cell migration [22] [23] [24] . They are polarized filaments comprised of α-and β-tubulin heterodimers. While dynamic microtubules rapidly interconvert between polymerized and depolymerized states [25] [26] [27] , microtubules are stabilized by their association with Microtubule Associated Proteins (MAPs) [9, [28] [29] [30] [31] [32] [33] [34] and by post-translational modifications (PTMs) of tubulin [35] [36] [37] [38] [39] , including tubulin acetylation. The stabilization of microtubules by tubulin acetylation is implicated in orienting cells and providing directionality to migration [9, 27, 33, 38, [40] [41] [42] [43] [44] . Microtubules can also be stabilized by tubulin detyrosination [37, 44, 45] . In addition, the association of microtubule tip proteins, like EB1, with the microtubule plus (+) end, the growing end of the filament, are linked to downstream signaling events that impact microtubule post-translational modifications, microtubule stability and apical positioning [46] .
Microtubules can influence cell movement by coordinating the function of other cytoskeletal elements of the cell. They maintain the polarized distribution of actin-dependent protrusions at the leading edge of motile cells [47] and can stimulate activation of Rac1, which induces formation of the branched actin network that underlies the lamellipodial protrusions necessary for cellular movement [42, 48] . Microtubules not only interact with the actin cytoskeleton but also with the actomyosin machinery, and microtubule acetylation and stabilization is known to regulate cellular contractility in migrating systems [41] . In addition, microtubule interactions with cell-cell junctional proteins are becoming recognized for their role in regulating cellular polarization and movement [49] .
In the lens, cytoarchitecture depends greatly on cytoskeletal signaling networks and their association with cell-cell junctions [2, 15, [50] [51] [52] [53] . Early work with lens epithelial cell cultures suggested a role for microtubules in their elongation [54, 55] . However, despite this early insight, how microtubules function in lens fiber cell elongation and lens morphogenesis remains unknown. To enhance our understanding of the role that microtubules play in tissue morphogenesis, we investigated the impact of microtubule stability on lens development and the link between these microtubules, myosin activation, and Ncadherin junctions in the lens morphogenetic process.
Materials and methods

Lens microdissection
Lenses were isolated from chicken embryos (B&E Eggs, York Springs, PA; Poultry Futures) at embryonic day 10 and microdissected into epithelial (E), cortical fiber (FP), and nuclear fiber (FC) zones as previously described [19] .
Preparation of ex vivo whole lens organ cultures
E10 lenses were placed in Complete Medium (Medium 199 [Life Technologies, 11150-059] with 10% fetal bovine serum, 1% penicillin and 1% streptomycin) at 37°C as described previously [56] . After two hours in culture isolated lenses free of opacities were exposed to inhibitors or the vehicle control DMSO (0.1% Me 2 SO; Sigma, 276855) for 24 h. Inhibitor treatments included nocodazole (10 ng/ml, 1 μg/ml, 10 μg/ml; Sigma Aldrich) or colchicine (5 μM, 10 μM; Millipore Sigma), both of which act by inducing microtubule depolymerization, and/or the myosin inhibitor Blebbistatin (50 μM, Sigma).
Antibodies
Primary antibodies used in these studies include N-cadherin (NCD-2) (Invitrogen, 13-2100), N-cadherin (BD Transduction Laboratories, 610921), myosin II (LifeSpan BioSciences, Inc., LS-C84042), phosphomyosin light chain 2 Thr18/Ser19 (Cell Signaling, 3674), α-tubulin (abcam, ab18251), acetylated tubulin (Sigma-Aldrich, T6793), EB1 (MAPRE1) (abcam, ab50188), and β-catenin (BD Biosciences, 610154).
Immunoblotting
Lens samples were extracted in Triton (1% Triton X-100, 100 mM NaCl, 1 mM MgCl 2 , 5 mM EDTA, 10 mM imidazole, pH 7.4), Triton/ Octylglucoside (OG/T) (44.4 mM n-Octyl β-D glucopyranoside, 1% Triton X-100, 100 mM NaCl, 1 mM MgCl 2 , 5 mM EDTA, 10 mM imidazole, pH 7.4), or RIPA (5 mM EDTA, 150 mM NaCl, 1% NP40, 0.1% Sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.4) buffers, as specified in each study. Each extraction buffer contained 1 mM sodium vanadate, 0.2 mM H 2 O 2 , Protease/Phosphatase Inhibitor Cocktail (Cell Signaling, 5872 S and Halt™ Phosphatase Inhibitor Cocktail (Thermo Scientific, 1862495). The concentration of protein was determined using the BCA assay (Thermo Scientific, 23223, 23224). 15 μg of protein extracts were subjected to SDS-PAGE on precast 8-16% tris/glycine gels (Invitrogen, EC6045BOX). Proteins were electrophoretically transferred onto Immobilon-P membranes (Millipore Corp., IPVH00010). Membranes were blocked in 5% skim milk or 5% BSA for 1 h and probed for primary antibodies at 4°C overnight followed by secondary antibodies conjugated to horseradish peroxidase (BIO-RAD, 170-6515, 170-6516). Protein bands were detected using ECL reagent or ECL plus reagent (Thermo Fisher Scientific Inc. Rockford, 32106, 80197) and images were acquired using the FluorChem E & M imager from Protein Simple (FM0418). The FluorChem E & M imager is a digital darkroom technology with an 8.3 megapixel CCD (charge-coupled device) resolution and flat field calibration that corrects for non-uniformities in light gathering.
Immunoprecipitation
For these studies the E, FP, and the FC zones were isolated from 25 E10 lenses by microdissection and extracted with OG/T buffer. To determine association of total and acetylated tubulin with N-cadherin the entire E, FP, and FC fractions were immunoprecipitated with primary antibody to N-cadherin (4°C overnight), followed by incubation with TrueBlot immunoprecipitation beads from eBiosciences (00-8800-25) for 1 h. The immunoprecipitates and whole cell lysates were subjected to SDS-PAGE, transferred to Immobilon-P membranes and the association of N-cadherin with α-tubulin and acetylated tubulin determined using western blot techniques as described above. For co-immunoprecipitation studies the membrane was cut into molecular weight regions for analysis of both immunoprecipitated and co-immunoprecipitated proteins on the same membrane.
Immunostaining
Freshly isolated lenses and lenses from organ culture were fixed in 3.7% formaldehyde, cryopreserved in 30% sucrose, and prepared for cryosectioning. 20-μm thick sections were cut. Samples were then permeabilized with 0.25% Triton X-100 in DPBS buffer (2.7 mM KCl, 1.5 mM KH 2 PO 4 , 137.9 mM NaCl, 8.1 mM Na 2 HPO 4 -7H 2 O [Corning, 21-0310CV]) for 12 min, incubated in blocking buffer (5% goat serum, 0.5 g BSA in 50 ml DPBS) for 1 h, and then incubated sequentially in primary antibody (3 h or overnight at 37°C), followed by a fluorescentconjugated secondary antibody for 2 h (Jackson ImmunoResearch Laboratories, 111-295-144, 115-545-003, 115-295-008). F-actin was localized with Alexa448 or 633-conjugated phalloidin (InvitrogenMolecular Probes, A12379). Nuclei were counterstained with TO-PRO-3 (Invitrogen-Molecular Probes, T3605). All sections were cut serially in the anterior to posterior direction.
Image analysis
Confocal microscopy was performed using either the Zeiss LSM510 META or Zeiss LSM800 confocal microscope. Single optical planes were selected from z-stacks, each 1-μm thick, unless otherwise indicated, using the LSM5 Image Browser or ZEN blue software. For quantification of immunostaining results ImageJ Analysis Software was used to import Zeiss LSM510META confocal microscope images. Representative areas measuring 200 µm × 200 µm from both the epithelium and fiber cell zones were outlined to generate pixel intensity value plots from which image histogram readouts were generated.
N-cadherin lens-specific conditional knockout mice
The N-cadherin MLR10 lens-specific conditional knockout mouse (N-cad Δlens ) was generated and characterized in a previous study [11] .
Results
Differentiating lens fiber cells are rich in microtubules stabilized by acetylation
Despite early research into the potential of microtubules as a determinant of lens cell elongation [54, 55] , very little is understood about the role of microtubules in lens fiber cell elongation and how this cytoskeletal element impacts lens morphogenesis. We began our studies by determining the localization, organization, and stability of microtubules in the embryonic chick lens as a factor of lens cell differentiation state. Immunolabeling of chick embryo lens sections at embryonic day (E)10 for α-tubulin, a protein component of all microtubules, showed that microtubules were abundantly expressed throughout the developing lens, in both lens epithelial cells and differentiating lens fiber cells, and were distributed from the basal to the apical aspects of these cells (Fig. 1A ). Microtubules were most highly concentrated in the cells of the lens equatorial epithelium (Fig. 1A, arrowhead) and the opposing newly differentiating secondary fiber cells (Fig. 1A, arrow) . These microtubule-rich lens cell populations span the lens fulcrum, where epithelial cells transition to lens fiber cells, and extend along the region of the lens where the elongating lens fiber cells first interact with the adjacent lens epithelial cells (Fig., 1A,C) , along which they migrate as they elongate [11] .
Microtubules are dynamic structures that rapidly polymerize and depolymerize from their (+) ends. The elongation of microtubules is facilitated by microtubule plus-end tracking proteins (+TIPs) such as the end-binding (EB) protein, EB1 [57, 58] , which can regulate microtubule dynamics and promote microtubule acetylation [46, 59] . Immunolabeling for EB1 in the E10 lens showed that it is most highly localized to the more anterior regions of both lens equatorial epithelial cells (Fig. 1E, arrowhead) and differentiating fiber cells (Fig. 1E,   arrow) , indicating that the microtubules in the developing lens grow primarily in the direction of the cells' apical domains (Fig. 1E,F) .
Although microtubules are characterized by their dynamic instability [60] , subpopulations of microtubules can selectively acquire PTMs to become stable populations with resistance to turnover [61] [62] [63] . One of the most well-documented PTMs for conveying stability to microtubules is acetylation of tubulin at lysine residue 40 [40] . The polarized regulation of microtubule dynamics and stability in motile cells can convey directionality of movement [27, 64] . Immunofluorescence analysis of the acetylation of the microtubule population in the developing lens provided insight into the potential role of microtubule stability in the lens morphogenetic process. Stable, acetylated tubulin populations were found throughout the developing lens (Fig. 1B ,C,D,F), but were most prominent at the apical aspects of lens equatorial epithelial cells (Fig. 1B , arrowhead, and 1D) and newly differentiating fiber cells (Fig. 1B , arrow, and 1D). These acetylated tubulin populations were localized in close proximity to where the apical surfaces of the fiber cells contact the apical surfaces of the overlying epithelium (the Epithelial Fiber Cell Interface (EFI)) (Fig. 1B ,C,D,F), along which the fiber cells migrate as they elongate [11] . It is therefore highly likely that the stabilized microtubule population, often associated with guidance and directionality of migration [27] , is important in establishing the migration and elongation of new fiber cells. Thus, we investigated the potential role of acetylated microtubules in regulating lens fiber cell elongation and lens morphogenesis.
Tubulin acetylation suppressed following exposure of embryonic lenses to the microtubule depolymerization drug nocodazole
The role of microtubules in cellular processes is typically investigated by exposure of cells to the microtubule depolymerization drug nocodazole. Prior to using this drug to investigate the role of stable, acetylated microtubules in lens morphogenesis, we examined the efficacy of moderate (1 μg/ml) and high (10 μg/ml) doses of nocodazole for suppression of tubulin acetylation. E10 chick embryo lenses were exposed to nocodazole for 24 h in whole lens ex vivo Microtubules were present throughout the developing lens, most highly localized to equatorial epithelial (A, arrowhead) and differentiating fiber cells (A, arrow). Acetylated microtubules were most concentrated in the apical aspects of lens equatorial epithelial cells (B, arrowhead) and newly differentiated fiber cells (B, arrow). EB1 co-localized with acetylated stable microtubules throughout the lens transition zone (D-F), suggesting that microtubules in both lens epithelial cells (E, arrowhead) and differentiating lens fiber cells (E, arrow) grew in the direction of the cells apical domains. (Mag bar = 20 µm; n = 3; images shown are projections of Zstacks acquired by confocal microscopy imaging). culture, with control lenses exposed to the vehicle DMSO, and microdissected into differentiation-state specific fractions to provide isolated lens epithelium (E), newly differentiating cortical fiber cells from the lens periphery (FP), and differentiated fiber cells from the lens nucleus (FC) for analysis (modeled in Fig. 2A ). These microdissected lens fractions were western blotted for both acetylated tubulin and α-tubulin (Fig. 2B ), the levels of acetylated and α-tubulin quantified ( Fig. 2 C and D, respectively), and the ratio of acetylated-tubulin/α-tubulin determined (Fig. 2E) . The results showed that both moderate and high doses of nocodazole caused a significant decrease in tubulin acetylation in lens cells at all stages of differentiation ( Fig. 2E) , and therefore the loss of stable microtubule populations in these cells. While we do not know the specific concentration of nocodazole that reaches each differentiation-state specific zone of the lenses exposed to this inhibitor in whole lens culture, these results show similar effects of nocodazole on tubulin acetylation throughout each region of the lens (Fig. 2B,C ).
Acetylated microtubules are specifically linked to N-cadherin Junctions in elongating lens fiber cells
The cell-cell junctional receptor N-cadherin localizes along apical and lateral cell interfaces of lens epithelial and fiber cells [11, 15] . Our previous studies reveal a requisite role for apical N-cadherin junctions in the lens fiber cell elongation process through their role in mediating the migration of the apical tips of newly differentiating lens fiber cells along the apical surfaces of the overlying epithelium [11] . While Ncadherin junctions are best known for their linkage to and stabilization by the actin cytoskeleton [65] [66] [67] [68] , cadherin junctions also have been shown to interact with microtubules, particularly in collectively migrating cells [69, 70] . We examined whether there was differentiationstate specificity to microtubule association with N-cadherin junctions in the developing lens, and how linkage between microtubules and Ncadherin was impacted by exposure to nocodazole. E10 lenses were exposed for 24 h in ex vivo culture to the vehicle DMSO to determine normal N-cadherin/microtubule associations, or to nocodazole at either 1 μg/ml or 10 μg/ml, and microdissected into the differentiation-state specific lens fractions of undifferentiated lens epithelial cells (E), elongating cortical lens fiber cells (FP), and differentiated central lens fiber cells (FC) prior to analysis (Fig. 3A) . Each fraction was immunoprecipitated for N-cadherin and immunoblotted for N-cadherin, α-tubulin (total microtubule population), and acetylated tubulin (stable microtubule population) (Fig. 3B) . The results revealed a high specificity for microtubule linkage to N-cadherin junctions in the population of elongating, differentiating fiber cells (FP), and that this association included microtubules stabilized by acetylation (Fig. 3B , quantified and represented as the ratio of acetylated-tubulin/N-cadherin (C), and of α-tubulin/N-cadherin (D)).
Exposure to nocodazole impacted the linkage of microtubules to Ncadherin (Fig. 3B ). Quantification showed a nearly complete loss of Ncadherin association with acetylated-tubulin in differentiating fiber cells, and a significant decrease in N-cadherin linkage to α-tubulin (Fig. 3C, D) , demonstrating that stable microtubules were the principle form of this cytoskeletal structure that was linked to N-cadherin in the cell population undergoing elongation. These results suggest that microtubules may have an important function in regulating the role of Ncadherin in lens fiber cell elongation and lens morphogenesis.
Dynamically remodeling N-cadherin junctions are typically soluble in detergents such as Triton X-100 and Octylglucoside (OG), while stabilized N-cadherin junctions are Triton X-100/OG insoluble. These properties of N-cadherin junctions were used to investigate whether loss of stable microtubules affects the organization of N-cadherin junctions during lens development. Whole lenses exposed to 1 μg/ml or 10 μg/ml nocodazole as above were sequentially extracted in Triton X-100, Triton X-100/OG and RIPA buffers and the fractions immunoblotted for N-cadherin (Fig. 3E ). Immunoblots were quantified and presented as the distribution between soluble (Triton X-100 plus Triton X-100/OG) and insoluble (RIPA) N-cadherin populations (Fig. 3F) . At both moderate and high doses of nocodazole there was a small but significant decrease in the soluble N-cadherin population and a concomitant increase in the insoluble pool of N-cadherin junctions. Since N-cadherin junctions are typically stabilized by association with the actin cytoskeleton [65] [66] [67] [68] , the increase in stable N-cadherin junctions when microtubules were depolymerized suggested possible effects on the organization of the actomyosin cytoskeleton and the morphogenesis of the developing lens.
Depolymerization of stable microtubules leads to aberrant lens morphogenesis
To investigate the function of microtubules in lens fiber cell elongation, we used the microtubule depolymerizing drug nocodazole in the whole lens culture system, which allowed us to follow the real-time Fig. 2 . Differentiation-State Specific Analysis of Effects of Nocodazole Exposure on Tubulin Acetylation. E10 chick embryo lenses grown ex vivo for 24 h in whole lens culture in the presence of the vehicle DMSO, 1 μg/ml nocodazole, or 10 μg/ml nocodazole were microdissected to separate lens epithelial cells (E), cortical fiber cells (FP) and central fiber cells (FC) (modeled in A), and these differentiation-state specific fractions were immunoblotted for both α-tubulin and acetylatedtubulin (B). Protein bands were quantified from the acetylated-tubulin (C) and α-tubulin (D) immunoblots, and the ratio determined of acetylated tubulin to α-tubulin (E). Both 1 μg/ml and 10 μg/ml nocodazole caused a significant decrease in tubulin acetylation in all regions of the developing lens. (p < 0.05*; p < 0.01**; p < 0.001***; n = 5).
C.M. Logan et al. Experimental Cell Research 362 (2018) 477-488
effects of loss of microtubules on lens structure and morphogenesis. E10 chick embryo lenses were exposed for 24 h in ex vivo culture to a low dose of nocodazole (10 ng/ml) that targets only dynamic microtubules for depolymerization [71] , or to higher doses of nocodazole (1 μg/ml and 10 μg/ml) that depolymerize both stable and dynamic microtubules [72] , with vehicle DMSO as control. At the low dose of 10 ng/ml nocodazole there were no noticeable morphogenetic effects on the developing lens (Fig. 4E-H) . The cells of these lenses retained a high level of microtubules (Fig. 4E, F) , lens fiber cells elongated normally and retained their connectivity to the overlying epithelium ( Fig. 4E-G) , and the lenses maintained clarity (Fig. 4H ). These findings suggest that depolymerization of the population of dynamic, unstable microtubules did not significantly impair lens morphogenesis. Next, we examined whether the stable, acetylated microtubule population played a requisite role in lens morphogenesis. Immunolabeling of sections from moderate-dose (1 μg/ml, Fig. 4I ,J) and high-dose (10 μg/ml, Fig. 4M,N) nocodazole-treated lenses showed that stable microtubules were lost from both lens epithelial and fiber cells (Fig. 4J,N) , with the higher nocodazole dose causing a more complete loss of the acetylated microtubule population (Fig. 4N) . While acetylated microtubules were almost completely lost from the lens equatorial epithelial cells at both moderate and high doses of nocodazole, a small population of stable microtubules was resistant to depolymerization and was retained in lens fiber cells. Co-labeling with fluorescent-conjugated phalloidin, which binds to F-actin, showed that depolymerization of stable microtubules resulted in an increased organization of actin filaments along lateral cell-cell borders of both lens epithelial and fiber cells (Fig. 4K, O) . F-actin-labeling, which emphasizes the cytoarchitecture of the lens (Fig. 4C,G,K,O) , also revealed that at 1 μg/ml nocodazole the loss of stable microtubules caused significant defects in lens morphogenesis that resulted in an overt separation between the apical surfaces of the equatorial epithelial cells and the newest secondary fiber cells (Fig. 4K, arrowhead) . This defect appears to be caused by a failure in elongation of these new fiber cells and in their interaction with neighboring epithelial cells at the EFI. At this concentration of nocodazole the elongation defect was limited to the differentiating lens fiber cells located just beyond the lens fulcrum (Fig. 4I-K, arrowheads) , and resulted in a cortical opacity (Fig. 4L) . The separation along the EFI was more extensive at 10 μg/ml nocodazole, extending deeper into the lens, and involving the loss of previously established connections between lens epithelial and fiber cell apical domains (Fig. 4M-O, arrowhead) . This result suggested that, in addition to a failure in the elongation of newly differentiating fiber cells, there is a direct impact on the ability of lens epithelial and fiber cells to establish and/or maintain cell-cell contact along the EFI, possibly reflecting a contraction of these lens fiber cells associated with the increased localization of F-actin along their lateral interfaces. While newly differentiating fiber cells maintained lateral contact and overall organization, the cells of the adjacent equatorial epithelium were somewhat disorganized. The morphogenetic defects induced by loss of stable microtubules at 10 μg/ml nocodazole caused both dense cortical and nuclear opacities (Fig. 4P) .
Labeling of nocodazole-treated lenses for F-actin also showed that the loss of stable microtubules disrupted the directionality of movement of the anterior tips of lens fiber cells as they elongated (Fig. 4K) . In contrast to control lenses, in which each subsequent layer of differentiating secondary fiber cells curves inward to encompass previous layers and form an intact elliptical structure (Fig. 4A-C) , the apical tips of fiber cells exposed to nocodazole instead bend out toward the equatorial lens capsule. This finding is consistent with the established function for stable microtubules in directional cell migration [73] .
Exposure of E10 chick embryo lenses in whole lens culture to colchicine, a microtubule depolymerization drug distinct from nocodazole, yielded similar results to nocodazole. 5 μM colchicine induced a limited separation between the apical surfaces of the equatorial epithelial cells and the adjacent secondary fiber cells and caused the apical tips of fiber cells to bend toward the equatorial region (Supplemental Fig. 1B) , while exposure to 10 μM colchicine induced an extensive separation Fig. 3 . Acetylated Microtubules are Linked to Ncadherin Junctions Specifically in Differentiating Cortical Fiber Cells of the Developing Lens. E10 chick embryo lenses grown ex vivo for 24 h in whole lens culture in the presence of the vehicle DMSO, 1 μg/ml nocodazole, or 10 μg/ml nocodazole were microdissected to separate lens epithelial cells (E), cortical fiber cells (FP) and central fiber cells (FC) (modeled in A), and these differentiation-state specific fractions were immunoprecipitated for N-cadherin and immunoblotted for N-cadherin, acetylatedtubulin and α-tubulin (B). Protein bands were quantified, and the ratio of acetylated tubulin (C) and α-tubulin (D) to N-cadherin determined. These co-immunoprecipitation studies demonstrated that acetylated tubulin was highly associated with Ncadherin junctional complexes in the differentiating cortical fiber cells of the developing lens. The association between acetylated-tubulin and N-cadherin junctions was lost following treatment with 1 μg/ml or 10 μg/ml nocodazole. Since stable N-cadherin junctions are typically Triton X-100 insoluble, E10 chick embryo lenses grown ex vivo for 24 h in whole lens culture in the presence of the vehicle DMSO, 1 μg/ml nocodazole, or 10 μg/ml nocodazole were serially extracted in Triton X-100, Triton X-100/OG and RIPA buffers, and immunoblotted for N-cadherin (E). Results were quantified and are presented as the percent distribution between soluble (Triton X-100 plus Triton X-100/OG) and insoluble (RIPA) N-cadherin populations (F). Exposure to nocodazole resulted in a small but significant decrease in the soluble N-cadherin population and a relative increase in N-cadherin insolubility, reflecting an overall increase in N-cadherin junction formation (F). (p < 0.05*; p < 0.01**; p < 0.001***; n = 4).
along the EFI (Supplemental Fig. 1C ). These findings demonstrate that the lens morphogenetic defects caused by nocodazole resulted from a direct effect on microtubule depolymerization. Microtubules impact many cellular processes that are effected by their depolymerization. Since a downstream effect of nocodazole-induced microtubule depolymerization is the induction of LATS2, a molecule that can inhibit Wnt/ β-catenin-mediated transcription (Li et al. Cell Rep. 2013), we investigated whether Wnt/β-catenin signaling was impacted in nocodazole-treated lenses. Immunostaining of sections from lenses exposed to either DMSO or 10 μg/ml nocodazole with antibody to β-catenin showed no evidence that microtubule depolymerization impacted nuclear localization of β-catenin (Supplemental Figure 2) , suggesting that Wnt/β-catenin signaling was not altered by exposure to nocodazole.
Loss of stable microtubules induces myosin activation
Since the morphogenetic impact of the loss of stable microtubules during lens development centered on a failure to establish and/or Fig. 4 . Disassembly of Stable Microtubules Induces Lens Dysmorphogenesis and Opacity. Cryosections of E10 chick embryo lenses grown ex vivo for 24 h in whole lens culture in the presence of the vehicle DMSO (A-D), 10 ng/ml nocodazole (E-H), 1 μg/ml nocodazole (I-L) or 10 μg/ml nocodazole (M-P) and labeled for α-tubulin (A,E,I,M), acetylated tubulin (B,F,J,N) and F-actin (C,G,K,O). 10 ng/ml nocodazole, which disassembles only dynamic microtubule populations, had no major effect on lens cell organization or morphology (E-G), and the lenses remained clear (H). Exposure to 1 μg/ml nocodazole decreased that total microtubule population (I) and reduced levels of acetylated-tubulin with complete loss in the lens epithelium (J). F-actin labeling, which highlights lens cytoarchitecture, reveals separation of the apical surfaces of lens equatorial epithelial cells and newly differentiating fiber cells at the epithelialfiber interface (EFI) along the transition zone (K, arrowhead), also denoted by arrowhead in I,J, resulting in a cortical opacity (L). Morphogenetic defects were even greater when lenses were grown ex vivo in the presence of 10 μg/ml nocodazole, with a very large separation along an extended region of the EFI (M-O, arrowhead), associated with major reduction in both stable (N) and total (M) microtubule populations and nuclear as well as cortical opacities (P). (Mag bar = 20 µm; n = 5; immunostaining images shown are projections of z-stacks acquired by confocal microscopy).
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maintain interactions between lens epithelial and fiber cells along the EFI, with actin filaments increased along lateral cell-cell interfaces, we examined whether the observed defects in lens morphogenesis might reflect changes in myosin activation. Myosin II associates with actin to cause force generation necessary for cellular migration as well as for cell contractility [74] [75] [76] [77] [78] [79] [80] [81] . Interestingly, microtubules also can interact directly with myosin [82] . It has been suggested that stable microtubules play a role in regulating myosin II activation to impact cell contractility [83] , and that microtubule depolymerization can result in an increase in cell contractility [84, 85] . Exposure of lenses to nocodazole for 24 h in whole lens culture resulted in a dose-dependent increase in myosin activation as shown by immunolocalization studies with antibody to dually-phosphorylated myosin (Fig. 5A-C) . Myosin activation was elevated in both lens epithelial and fiber cells, along their cell-cell borders and at their apical tips. The increase in p-myosin immunofluorescence was quantified and represented as histograms generated with Image J (Fig. 5D) . Immunoblot analysis following microdissection into lens epithelial (E), cortical fiber (FP) and central fiber (FC) cells (Fig. 5E ), confirmed the immunolabeling results. Quantification of the immunoblot studies showed significant, nocodazole dose-dependent increases in myosin activation (p-myosin) in each of the zones of differentiation (Fig. 5F) , with no significant change in expression of myosin II (Fig. 5G) . These results showed that myosin activation is misregulated in the absence of acetylated microtubules, and suggested that the resultant overactivation of myosin could be responsible for the morphogenetic failures that occur in these developing lenses.
Inhibition of myosin activation prevents nocodazole from inducing dysmorphogenesis along the lens epithelial fiber interface
The increase in myosin activation that occurred when stable microtubules were depolymerized by nocodazole emerged as a likely downstream effector with a direct connection to the observed lens dysmorphogenesis. Therefore, we investigated if suppression of myosin activation could prevent the defects in fiber cell elongation and lens morphogenesis induced by nocodazole. For these studies we used blebbistatin, a specific myosin II inhibitor that acts on the myosin ATPase domain to inhibit myosin activation [86] , without impacting myosin phosphorylation by myosin light chain kinase. Lenses were pretreated with blebbistatin (50 μM) for 2 h in whole lens culture prior to exposure to both blebbistatin and nocodazole (1 μg/ml and 10 μg/ ml) for 24 h.
Treatment of lenses with blebbistatin alone did not alter the interaction between lens epithelial and fiber cells along the EFI (Fig. 6D,  arrow) . The differentiating fiber cells in these lenses maintained their linear alignment and the organization of actin filaments along their lateral interfaces. While the equatorial epithelial cells also maintained lateral actin filament structures, the exposure to blebbistatin caused changes in the organization and morphology of these cells, and cells in the posterior-most equatorial epithelium appeared to have an increased length (Fig. 6D, arrowhead) . When lenses were exposed to blebbistatin and nocodazole in combination (at both moderate and high doses), blocking myosin activation prevented the defects in fiber cell elongation and the separation of lens epithelial and fiber cell apical domains Fig. 5 . Disassembly of Microtubules in the Developing Lens Results in Increased Myosin Activation. E10 chick embryo lenses grown ex vivo for 24 h in whole lens culture in the presence of the vehicle DMSO (A), 1 μg/ml nocodazole (B), or 10 μg/ml nocodazole (C) were immunolabeled for activated myosin (phospho-myosin, A-C). Exposure to nocodazole resulted in a significant increase in myosin activity, as shown by histogram analysis of immunostaining intensity for phospho-myosin in both epithelium and fiber cell regions of the developing lens (D). Immunoblot studies (E) with antibodies to phospho-myosin and myosin II of lenses grown ex vivo in the presence of DMSO, 1 μg/ml nocodazole or 10 μg/ml nocodazole following microdissection to separate epithelial (E), cortical fiber (FP), and central fiber (FC) fractions. Quantification of immunoblot results for phospho-myosin (F) and myosin II (G) confirmed the increase in myosin activity when microtubules were depolymerized, and showed there was no significant change in expression of myosin II. (mag bar = 20 µm p < 0.05*; p < 0.01**; p < 0.001***; n = 5; immunostaining images shown are projections of z-stacks acquired by confocal microscopy).
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along the EFI (Fig. 6E,F, arrows) that occurred when the lenses were exposed to nocodazole alone (Fig. 6B,C) . These results suggest that activation of myosin was a key element in the dysmorphogenesis of the lens that occurred when its microtubules were destabilized by exposure to nocodazole. The elongated state of the posterior equatorial epithelial cells when myosin II activity was suppressed may contribute to the observed morphogenetic rescue of the effects of nocodazole on lens morphogenesis by blebbistatin.
Inhibition of myosin activation prevents nocodazole-induced loss of acetylated microtubules
In previous studies, the inhibition of myosin activation has been shown to lead to an increase in acetylation of microtubules [41, 42, 76] . To better understand the mechanism of the morphogenetic rescue that exposure to blebbistatin caused in nocodazole treated lenses, we examined whether blebbistatin prevented the loss of acetylated microtubules when developing lenses were exposed to the microtubule depolymerization agent nocodazole. Immunolocalization analyses showed that exposure to blebbistatin alone increased the presence of acetylated microtubules in the lens epithelium with no noticeable change in microtubule acetylation in lens fiber cells (Fig. 7D , fluorescence intensity quantified in G,H). This finding was confirmed by immunoblotting for acetylated tubulin in blebbistatin-treated lenses following microdissection to yield epithelial and fiber cell zones of differentiation (Fig. 7I, quantified in Fig. 7J ). Therefore, it was possible that suppressing myosin activation in developing lenses could impact the stabilization of microtubules through induction of tubulin acetylation.
Immunolabeling for acetylated tubulin in sections from lenses pretreated for 2 h with blebbistatin and then exposed for 24 h in whole lens culture to both blebbistatin and nocodazole showed that suppression of myosin activity resulted in a significant protection of acetylated microtubules in the presence of nocodazole (Fig. 7E, F) . The observed increase in immunolabeling of acetylated microtubules in both lens epithelial and fiber cell populations in the presence of blebbistatin, with and without nocodazole, was quantified and plotted as a histogram (Fig. 7G, H) . This analysis confirmed the significance of the rescue of tubulin acetylation by blebbistatin in lenses exposed to either 1 µg/ml or 10 µg/ml nocodazole. Lenses exposed to both concentrations of nocodazole in the presence or absence of blebbistatin were microdissected to separate lens epithelial cells (E), cortical lens fiber cells (FP) and central lens fiber cells (FC) and immunoblotted for both acetylated tubulin and α-tubulin (Fig. 7I) . Tubulin acetylation and α-tubulin levels were quantified (Fig. 7J , K, respectively) and represented as the ratio of acetylated-tubulin/α-tubulin (Fig. 7L) . Quantification showed a significant increase in tubulin acetylation when lenses were exposed to nocodazole in the presence of blebbistatin (Fig. 7L) . These results suggest that suppressing myosin activation maintains the interaction between the apical domains of lens epithelial and fiber cells in the presence of nocodazole by maintaining a microtubule population stabilized by acetylation. Furthermore, these studies support the conclusion that microtubule stability is essential for lens morphogenetic development.
Loss of stable microtubules induces N-cadherin junction assembly along lateral interfaces of differentiating lens fiber cells
The impact of acetylated microtubules on the organization of Ncadherin junctions in the developing lens was investigated by immunolocalization analysis for N-cadherin in E10 chick embryonic lenses exposed to moderate and high doses for nocodazole for 24hrs in ex vivo culture. The loss of stable microtubules impacted the organization of Ncadherin junctions, with increased immunolabeling of N-cadherin along cell-cell interfaces of differentiating lens fiber cells (Fig. 8C, E) . Quantification of these N-cadherin immunolocalization studies confirmed the dose-dependent increase in N-cadherin junction assembly in differentiating fiber cells, and showed a loss of N-cadherin junctions in the lens equatorial epithelium (Fig. 8M) . However, when embryonic lenses were exposed to blebbistatin for 2hrs prior to nocodazole, the organization of N-cadherin junctions at lateral epithelial and fiber cell interfaces was retained at near normal levels (Fig. 8I,K,M) . Interestingly, immunolabeling of E14.5 eyes from lens N-cadherin conditional knockout mice (N-cad Δlens ) [11] for acetylated tubulin showed that the loss of N-cadherin did not prevent formation of acetylated microtubules (Fig. 8N) . These findings suggest that the stable microtubule population of the developing lens impacts lens fiber cell elongation and lens C.M. Logan et al. Experimental Cell Research 362 (2018) [477] [478] [479] [480] [481] [482] [483] [484] [485] [486] [487] [488] morphogenesis through the regulation of N-cadherin junction assembly and stability.
Discussion
Cytoskeletal elements interact cooperatively to regulate cellular processes including directed cellular migration [48, 87] . Among these elements, microtubules have been suggested to regulate the directionality or polarity of migration [47, 88, 89] by promoting lamellipodial protrusions [90, 91] , and through regulation of cell adhesion and contraction [69, 70, 92] . In the lens, a tissue in which proper tissue architecture is integral to its function, it was likely that the process of lens fiber cell migration and elongation during development would rely on coordination of cytoskeletal elements, such as microtubules [54, 55] , with the actin-myosin cytoskeletal machinery.
Our findings demonstrate that microtubule polymerization and stability have an important role in lens development and morphogenesis, with the stable population of microtubules linked to proper fiber Fig. 7 . Blocking Myosin Activation Prevents Loss of Acetylated Tubulin in Nocodazole-Treated Lenses. E10 chick embryo lenses grown ex vivo for 24 h in whole lens culture in the presence of the vehicle DMSO (A), 1 μg/ml nocodazole (B), 10 μg/ml nocodazole (C), 50 μM Blebbistatin (D), 1 μg/ml nocodazole plus 50 μM Blebbistatin following 2 h exposure to 50 μM Blebbistatin alone (E), or 10 μg/ml nocodazole plus 50 μM Blebbistatin following 2 h exposure to 50 μM Blebbistatin alone (F) and immunostained for acetylated-tubulin (A-F). Exposure to Blebbistatin alone caused an increase in acetylated microtubules especially in the lens epithelium (D). Exposure to nocodazole in the presence of Blebbistatin (E, F) rescued a population of acetylated microtubules, especially notable in the cells of the equatorial epithelium. Histogram analysis of the immunostaining intensity in both lens epithelial (G) and fiber (H) cells confirmed that exposure to blebbistatin rescued acetylated tubulin populations in both lens epithelial and fiber cells. Immunoblot studies (I) of lenses grown ex vivo in the presence of DMSO, 1 μg/ml nocodazole, or 10 μg/ml nocodazole, in the presence and absence of 50 μM blebbistatin following microdissection to separate epithelial (E), cortical fiber (FP), and central fiber (FC) fractions with antibodies to acetylated tubulin and α-tubulin. Protein bands were quantified from the acetylated-tubulin (J) and α-tubulin (K) immunoblots, and the ratio determined of acetylated tubulin to α-tubulin (L). The immunoblot results confirmed that preventing myosin activation partially rescued the acetylated microtubule population. (mag bar = 20 µm p < 0.05*; p < 0.01**; p < 0.001***; n = 5; immunostaining images shown are projections of z-stacks acquired by confocal microscopy).
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Experimental Cell Research 362 (2018) [477] [478] [479] [480] [481] [482] [483] [484] [485] [486] [487] [488] cell elongation (modeled in Fig. 9 ). As in other systems [44, 93] , it is the stable population of microtubules that is involved in the directed cell migration of lens fiber cells, as the loss of dynamic microtubules alone did not affect lens fiber cell elongation or the directionality of their migration. The impairment of fiber cell elongation associated with the loss of stabilized microtubules was associated with an increase in Factin along the interfaces of differentiating lens fiber cells, suggesting that stable microtubules may impact the assembly state of actin. Our previous studies show that N-cadherin junctions are epicenters of actin organization in lens fiber cells [15] . Since we now find that stabilized microtubules are associated with N-cadherin junctions specifically in the population of elongating fiber cells and play a role in regulating Ncadherin junction organization along the lateral borders of these cells, it is possible that N-cadherin and acetylated microtubules are involved in a coordinate regulation of actin organization during the complex process of lens fiber cell morphogenesis (modeled, Fig. 9 ). Our results demonstrate that the function of stable microtubules in lens fiber cell elongation involves their regulation of myosin activation. 
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The observed increase in myosin activation along lateral interfaces of both epithelial and differentiating lens fiber cells following the loss of microtubules could negatively impact fiber cell elongation by inducing excessive actomyosin contraction, that could lead to the observed morphological defects associated with failure to establish and/or maintain the interactions along the EFI during development. Microtubules can have both direct and indirect roles in regulating cellular contractility [81, 94, 95] , and microtubule depolymerization can increase traction forces, at least in part through an activation of myosin [85] . Therefore, the depolymerization of microtubules in the lens may increase contractility of fiber cells and lead to morphogenetic defects of lens fiber cells that prevent or destabilize the interaction between apical domains of lens epithelial and fiber cells. Additionally, as myosin II is known to have roles in creating and maintaining cell shape by regulating cell curvature [96] , the increase in myosin activity following microtubule depolymerization could impair curvature of newly differentiating fiber cells as they elongate, and contribute to the defects in directionality of migration of new secondary fiber cells observed in nocodazole-treated lenses. The maintenance of normal lens fiber cell elongation when lenses are exposed to nocodazole in the presence of the myosin inhibitor blebbistatin was associated with the maintenance of a stable, acetylated tubulin population, a property that could impact N-cadherin junction organization along the lateral borders of differentiating lens fiber cells (modeled, Fig. 9 ). These findings suggest that there is a connection between myosin activity, N-cadherin junction assembly and tubulin acetylation in processes central to normal lens morphogenesis. In other cell types, myosin II activity has been shown to inhibit microtubule acetylation while inhibition or ablation of microtubules promotes myosin activity [41, 76] . Similarly, myosin II activity has also been linked to regulation of N-cadherin distribution and function in migrating tissues [97] [98] [99] . Active myosin II has been shown to regulate the concentration of cadherin junctions at cell-cell interfaces [97, 100] and this myosin activity may depend on microtubule stability [101] . These properties may explain the stable microtubule-dependent, myosin activity-mediated organization of N-cadherin junctions in differentiating lens fiber cells.
Conclusions
Our results suggest that there is a coordination of function between acetylated microtubules, N-cadherin cell-cell junctions, myosin activity and the actin cytoskeleton required for normal lens fiber cell elongation and for the establishment and maintenance of the interactions of fiber cells with the overlying lens epithelium necessary for lens morphogenesis. Fig. 9 . Role of Acetylated Microtubules in Lens Fiber Cell Elongation. Model of the impact of loss of acetylated microtubules on lens fiber cell elongation and lens morphogenesis. The elongation failure of newly differentiating lens fiber cells and failure to form and/or maintain the epithelial fiber interface (EFI) is shown to involve increased myosin activity and assembly of Ncadherin junctions along cell-cell interfaces.
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